In this paper, acoustic scattering in shallow and deep inhomogeneous waveguides is analyzed. The full acoustic wave equation that describes the scattered and reflected wave fields, as well as all multipathing within the scatterer and the waveguide, is employed. The explicit finite difference time integration and the k-w transform in the space domain (pseudospectral method) were utilized. Properly chosen boundary conditions enabled the authors to model both shallow and deep oceans. The pseudospectral method was compared with the explicit finite difference technique (see Appendix). The pseudospectral method can be valuable for modeling different underwater wave phenomena: It is characterized by much smaller numerical dispersion than the conventional finite difference method. The results show that in shallow ocean, strong resonance coupling between the underwater scatterer and the waveguide may occur. An important conclusion of this paper is that in a limited aperture experiment when the acoustic reflections are beyond the recording aperture (due to the finite length of the recording cable), the measured data are mainly represented by the primary diffraction arrivals and "diffraction resonances." In this paper, a detailed discussion will be given on the acoustic scattering in an inhomogeneous waveguide. (For the sake of simplicity, an acoustic scatterer of the rectangular shape was considered. ) Different complexities (elastic scatterers, more complicated structures of the index of refraction in the water, etc. ) will be compounded in the original model and reported elsewhere.
INTRODUCTION
Propagation of sound in the ocean can be treated as a waveguide problem. The sea surface can be considered with a great deal of accuracy as a pressure-release surface, so all acoustic energy generated below the sea surface is reflected back with opposite polarity (for pressure). These reflections are called ghosts. The sea surface, due to its roughness, may generate significant noise that is imposed on the returned signals. The propagation speed in the water can be rather complex: this leads to additional scattering and diffraction on large-and small-scale inhomogeneities (large-scale inhomogeneities are much greater thdn the predominant wavelength, whereas small-scale inhomogeneities are of the order or less than the characteristic wavelength). Recall that small-scale scattering is related to the so-called apparent attenuation. As the result of apparent attenuation, a pulse propagating through a loss-free medium with a highly discontinuous sound-speed profile is getting broader in width Carrion and Satkowiak, 2 using the cepstrum analysis, showed recently that in the range of 20-80 kHz, marine sediments behave as a stack of continuous scatterers rather than discrete reflectors. This means that there are no distinct interfaces in the subbottom medium that reflect the generated energy, rather the incident energy is scattered by continuously distributed scatterers in the marine sedimentary environment. Carrion and Wilbur, • using the coherency measure between the sea-surface and the sea-bottom reflections, found that for mid-and small-grazing angles, the sea bottom behaves like the sea surface that reflects virtually all energy regardless of the frequency content of the initially generated signal. For larger grazing angles, the coherence between these signals fails for the range of high frequencies, which are attenuated in marine sediments. This means that the waveguide resonances will be especially significant if the incident angle is near or exceeds the critical angle. For angles below the critical angle, the amplitudes of waveguide bouncing waves decrease due to transmission losses in the subbottom environment (quasiresonances).
Theoretical aspects of acoustic and elastic resonance scattering was studied by different authors. Important contributions to this subject include Flax eta/., TM Gaunaurd, 5
Frisk and Uberall, 6 and Werby and Green 7 among others.
Hackman and Sammelmann 8 have recently presented a rigorous study of acoustic scattering in range-independent waveguides based on the T-matrix formalism. Their model included an elastic spherical shell in inhomogeneous layered waveguides whose square of the index of refraction was linear with respect to depth. In the previous work, Sammelmann and Hackman 9 computed scattering responses from the elastic shell in a homogeneous waveguide bounded by the pressure-release sea surface and the rigid sea bottom. (The rigid sea bottom was chosen to avoid the branch cuts of Green's functions. )
In a typical sonar experiment, a horizontal array of hydrophones is towed behind a ship and used as sonar receivers. lO Thus it is necessary to analyze resonance scattering in waveguides detected by a towing array of sonar receivers with limited recording aperture.
In this paper, we study scattering in waveguides using a string of hydrophones both in shallow and deep ocean. The numerical algorithm used in the paper is neither limited by the choice of frequencies nor by the geometry of the model. In fact, this study can be extended without much difficulty to range-dependent waveguide resonances and more complicated geometry of the underwater object.
The method described in the paper can be an alternative to the T-matrix formalism since it is rather flexible with regards to the choice of the boundary conditions for deep and shallow ocean.
Usually, the towing arrays are characterized by a limited aperture so a significant portion of the reflections from the target might be missing. In this paper, we studied effects of the limited aperture and introduced the concept of the diffraction resonances that constitute a significant contribution to the recorded data. An important conclusion of this paper is that in shellow ocean, strong resonance coupling between the waveguide and the scatterer may occur. Our results show that the resonance coupling in deep ocean is small and typically can be ignored.
Although the examples presented in the paper are limited by acoustic scattering, different complexities will be included in the model to make it more realistic.
In the Appendix, we will compare the Fourier method with the conventional finite difference modeling. It will be shown that the pseudospectral method can be very valuable for modeling different underwater wave phenomena. For example, for the same frequencies, numerical dispersion in the pseudospectral method does not depend on the angle of propagation and is usually much smaller than in the conventional finite difference techniques. In this paper, we will consider the complete (full waveforms) acoustic wave equation that governs the propagation of pressure in liquids.
Wave propagation in a 2-D acoustic medium can be written as follows:
•P • 1 • 2p
•P = 1 Usually, acoustic scattering is considered in the WKBJ approximation. In the high-frequency approximation, the large portion of data can be described in terms of the WKBJ (geometrical optics) approximation using the phase and the amplitude functions. The phase function satisfies the eikonal equation, whereas the amplitude function is governed by the transport equation. For the refraction index of different complexity, solutions to the transport equation are typically singular due to occurrence of caustics in the medium of consideration. In this study, we do not operate in the WKBJ approximation and thus we do not expect that caustics do occur.
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We will consider limited aperture towing arrays that do not detect the reflections from the scatterer that are beyond the recorded aperture. We advocate an interesting result, that in the case of limited aperture array, the recorded data mainly contain diffraction and diffraction resonance arrivals.
In the next section, we will give the description of the acoustic numerical experiment in deep ocean where the resonance coupling is small.
II. RESONANCE SCATTERING IN INHOMOGENEOUS DEEP OCEAN
In this section, we will consider deep ocean. In order to better understand resonance scattering, the model was chosen in such a way that the reflections from the boundaries of the underwater object placed in the waveguide were missing due to the limited recording aperture. The sea surface is presented by the free surface (pressure-release surface). At the free-surface pressure vanishes at all points.
In order to eliminate the influence of the sea bottom, absorbing boundary conditions were incorporated.
Absorbing boundary conditions were set up in the coat layer. The loss-free acoustic wave equation in this "layer" was substituted by the viscoacoustic equation with a damping parameter. When this parameter is large, and the coat layer is small, we may anticipate some reflections from the "absorbing" boundaries. The best results turn out if the compromise between the value of the damping parameter and the size of the coat layer is achieved. Properly chosen damping parameter and the thickness of the coat layer enable one to suppress unwanted reflections from the sea bottom and thus to accurately analyze the deep-ocean responses. This can be done using the trial and error method. In our case, 30 grid points were assigned to the coat layer. The pressure field Pc in the coat layer is presented by
where N is the total number of the grid points in the coat layer and a is a damping parameter. Let us introduce the dimensionless quantity Ka (where a is the size of the scatterer). For our model, Ka = 4.86.
Along with Ka, we will consider another parameter KL (L is the range for the sonar experiment). In our case, KL is 61.83, so KL >> Ka (this defines the farfield region). Suppose now that the multiple generator corresponding to the scatterer is In the Appendix, we compared the pseudospectral method and the finite difference technique. The main conclusion is that although the finite difference method can be, computationalwise, more economical, the numerical dispersion effects in the pseudospectral method are much less observed.
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